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ABSTRACT 

SCF-Xa-SW  molecular-orbital  calculations  for  the  coordination 
complex,  [CH-jTiCt^^H^)]11  which  is  postulated  to  be  an  intermediate 

in  Ziegler-Natta  polymerization  reactions,  demonstrate  that  the  energy 
gap  between  the  lower-lying  Ti-alkyl  orbital  and  the  higher  Ti(3dyz)  - 
olefin(ir*)  orbital  is  sufficiently  large  (0.9eV  for  n  =  0  and  l.5eV  for 
n  =  -2)  to  make  the  Cossee  mechanism  for  the  propagation  step  seem  un¬ 
likely.  A  series  of  calculations  for  CH^TiCt^fC^H^) ,  where  the  alkyl 
and  olefin  groups  are  moved  closer  together  in  a  sequence  of  concerted 
steps,  suggests  that  this  migration  is  a  plausible  mechanism  for  the 
polymerization  reaction. 
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I  INTRODUCTION 

One  of  the  earliest  proposals  for  the  mechanism  of  Ziegler- 

Natta  catalysis  was  put  forth  by  Cossee J  whose  qualitative  quantum- 

mechanical  treatment  was  based  largely  on  ligand-field  theory.  Since 

then,  there  has  been  an  increased  sophistication  in  the  computational 

techniques  employed  in  calculating  the  electronic  structure  of  mole- 
2 

cules.  Using  semiempirical  molecular-orbital  calculations  on  Ziegler- 

3-7 

Natta  type  catalysts,  investigators  have  recently  attempted  to 
verify  the  postulates  of  the  Cossee  mechanism  for  the  polymerization 
of  olefins.  The  structure  of  the  active  site  proposed  by  Cossee  (for 
both  the  homogeneous  and  heterogeneous  catalysts)  was  the  octahedral 
complex  RTiCfc^lCgH^) ,  where  R  is  an  alkyl  group  (Fig.  I).1  According 
to  this  model,  when  the  olefin  enters  the  coordination  sphere  of  the 
RTiCJi^  site,  a  new,  partially  occupied  molecular  orbital  is  formed  through 
mixing  of  the  metal  3d  and  ethylene  -it*  antibonding  orbitals.  The  energy 
of  the  new  orbital  is  proposed  to  be  sufficiently  below  the  energy  of 
the  original  metal  3d  levels  so  that  an  electron  from  the  Ti-alkyl  bond¬ 
ing  orbital  can  easily  be  thermally  excited  into  it.  Consequently,  the 
metal -alkyl  bond  will  be  weakened  and  the  alkyl  group  will  be  expelled 
as  a  radical.  Ihe  radical  attaches  intself  in  a  concerted  process  to 
the  nearest  carbon  atom  of  the  olefin  while  at  the  same  time,  the  other 
side  of  the  olefin  connects  itself  to  the  metal.  The  reaction  path  is 
shown  in  Figure  2. 

From  more  recent  molecular-orbital  studies  of  this  reaction  path, 

a  new  explanation  has  been  suggested  to  account  for  the  polymerization 
3 

reaction.  Here,  no  radical  breaking  is  necessary  to  produce  polymerization 
and  the  Ti  d  orbitals  permit  and,  in  fact,  promote  the  process  while 
the  olefin  and  alkyl  groups,  still  attached  to  the  catalytic  site. 


migrate  towards  each  other  in  a  series  of  concerted  steps. 

Due  to  the  complexity  of  the  reactions  involved  in  Ziegler- 
Natta  catalysis,  experimental  evidence  for  the  mechnism  is  far  from 
being  complete  or  unequi vocable.  For  both  homogeneous  and  heterogeneous 
systems,  the  complete  function  of  the  base  metal,  e.g.,  Asi,  is  still 

O 

debated.  Taken  collectively,  however,  the  evidence  strongly  argues 

g 

that  the  chain  growth  reaction  occurs  at  the  transition  metal  ion. 

Most  recently,  Evitt  and  Bergman  ^  have  established  insertion  of  an 
olefin  into  the  metal-carbon  bond  of  an  intermediate  cobalt-alkyl  complex 
as  the  mechanism  for  the  observed  ethylene  methylation.  This  lends 
credibility  to  the  type  of  reaction  path  shown  in  Figure  2. 

In  a  previous  paper,11  self-consistent  field-Xa-scattered  wave 
(SCF-Xa-SW)  molecular-orbital  claculations  were  carried  out  for  titanium 
halide  and  ethylene-titanium  halide  complexes  as  a  basis  for  understanding 
the  bonding  of  an  olefin  to  clusters  relevant  to  Ziegler-Natta  catalysis. 
The  SCF-Xa-SW  description  of  the  electronic  structure  of  the  titanium 
trihalides  proved  to  be  quite  realistic  since  excitation  energies  for 
d-d  transitions  and  charge-transfer  transitions  were  well  reproduced. 

In  this  paper,  we  extend  the  study  of  Ziegler-Natta  catalysis  by  examining 
the  electronic  structure  of  the  coordination  complex,  CII^Ti 
(see  Fig.  1),  which  models  the  active  site  proposed  by  Cossee.  We 
have  studied  the  evolution  of  the  electronic  structure  of  the  complex 
in  a  sequence  of  six  steps  whereby  the  methyl  migrates  toward  the  olefin 
and  the  olefin  inserts  into  the  Ti-methyl  bond  (Fig.  2).  From  these 
studies,  we  hope  to  develop  some  understanding  of  the  propagation  steps 
in  Ziegler-Natta  polymerization. 

Similar  models  of  soluble  Ti  Ziegler-Natta  catalysts  have  been 
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examined  using  the  Extended  Huckel®  and  CNDO  molecular-orbital  methods. 3 ’^(a+b) 
The  SCF-Xa-SW  technique  has  been  shown  to  have  certain  advantages  over 
these  techniques  for  the  investigation  of  transition  metal  complexes. ^ 

A  comparison  of  our  results  with  those  obtained  by  the  methods  cited 
above  will  be  made  in  the  last  section  of  this  paper. 

STRUCTURAL  AND  COMPUTATIONAL  PARAMETERS 
The  SCF-Xa-SW  energy-level  diagram  for  the  most  pertinent  molecular 
orbitals  along  the  reaction  path  (from  step  a  to  f)  are  shown  in  Figure  3. 

Step  a  corresponds  to  the  initial  complex  shown  in  Fig.  1,  while  the 
molecule  described  by  step  f  is  approaching  Ti Cn^ ( ) .  Computational 
and  structural  parameters  are  compiled  in  Tables  I  and  II  (refer  to  Fig. 

1).  All  constituent  atoms,  and  thus  the  CH3TiCJ-4(C2H4)  molecule  were 
taken  to  be  electrically  neutral.  In  the  homogeneous  catalyst,  two  of 
the  chlorine  ligands  are  bridging  to  a  base  metal  ion,  while  for  the 
heterogeneous  system,  the  four  chlorine  ligands  bridge  to  two  other  Ti 
ions  in  the  lattice.1  The  charge  on  these  bridging  chlorines  is  impossible 
to  predict  a  priori.  Consequently,  the  neutral  species  may  represent 
a  model  that  is  too  oxidized,  i.e.,  it  has  too  few  electrons.  On  the 

_2 

other  hand,  another  system  that  could  be  investigated,  [CH3TiC£4(C2H4)], 
will  represent  a  model  that  is  too  reduced.  For  this  study,  we  have 
chosen  to  examine  the  reaction  path  in  Figure  2  using  the  neutral  species. 

_2 

However,  we  have  also  examined  the  electronic  structure  of  the  [CH-jl  iCn4(C2H4)] 
complex,  retaining  the  geometry  shown  in  Fig.  1.  We  will  comment  briefly 
on  this  calculation  as  well. 
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RESULIS  AND  DISCUSSION 

Though  the  CH^TiC^^H^)  molecule  consists  of  51  valence  electrons 
which  are  distributed  among  26  orbitals,  the  titanium-carbon  bonding 

is  described  by  only  two  orbitals  (see  Fiq.  3a).  These  then  will  be  the 
most  important  orbitals  to  consider.  With  respect  to  the  Ti -olefin 
bond,  only  the  ethylene  ir  orbital  (Ib^)  mixes  significantly  with  the 
Ti  orbitals.  Here,  Ti  exhibits  a  mixture  of  4s  (/%),  4p  (53%)  and 
3d  2  9  1^0%)  character  (see  Table  III).  This  molecular  orbital  corresponds 

*  -y  14 

to  o  forward-donation  bonding  in  the  classic  Dewar-Chatt  model  -  the  ethylene 
ir orbital  contributes  to  the  a  bond  by  donating  charge  into  empty  Ti  d 
orbital.  However,  the  charge  in  this  level  is  fairly  localized  on  the 
ethylene  moiety,  with  only  10  percent  of  the  charge  residing  in  the 
Ti  atomic  sphere  (see  Table  III).  This  fact,  as  well  as  the  rather  poor 
degree  of  overlap  displayed  in  Fig.  5(a)  indicate  a  relatively  weak 
Ti-ethylene  interaction.  Weak  Ti-ethylene  bonding  also  characterized 
an  earlier  SCF-Xa-SW  calculation  on  the  "surface  complex"  [Ti (CgH^JCtg]. 

The  orbital  directly  above  the  Ti-olefin  a-bonding  orbital  is  the 
highest  occupied  molecular  orbital  (Fig.  3a)  This  orbital  displays 
strong  covalent  overlap  between  the  carbon  p  and  Ti  d  2  orbitals  [see 
Fig.  6(a)].  This  orbital  also  shows  some  mixing  with  the  ethylene  tt* 
level,  but  the  amount  of  charge  in  the  carbon  spheres  of  the  ethylene 
molecule  (less  than  1  percent)  makes  this  interaction  insignificant. 

The  3dyZ-ir*  orb’tal  constitutes  the  lowest  unoccupied  molecular 
orbital  (LUMO)  of  this  system.  However,  almost  all  the  charge  (86%)  is 
localized  on  the  Ti  atom  and  the  orbital  lies  only  slightly  lower  in 
energy  (by  0.3eV)  than  the  nearly  degenerate  d  and  d  levels.  This 

a*.  Ajr 

orbital  displays  a  weak  Ti-alkyl  antibonding  interaction,  but,  again, 


the  amount  of  charge  on  the  alkyl  carbon  makes  this  interaction  insig¬ 
nificant.  Recalling  that  one  of  the  postulates  of  the  Cossee  model ^ 
is  the  occupation  and  enhanced  stability  of  the  d  -n*  orbital,  we  already 
see  a  discrepancy  with  this  model.  Moreover,  since  the  HOMO  and  LUMO 
are  separated  by  0.9eV,  the  probability  of  thermal  excitation  from  the 
Ti-alkyl  level  to  the  d  -it*  orbital,  proposed  by  Cossee  as  the  critical 
step,  seems  unlikely. 

A  calculation  for  the  electronic  structure  of  [CH-jTiQ^C^H^)]-^  in¬ 
dicates  that  the  3d^z-ir*  orbital  is  now  singly  occupied,  but  again  86% 
of  the  charge  is  found  on  the  Ti  center  with  only  4%  localized  on  each 
carbon  atom  of  ethylene.  Such  charge  polarization  indicates  that  n  back- 
donation  or  charge  flow  from  the  occupied  Ti  dyz  orbital  into  the  empty 
ethylene  it*  orbital  is  indeed  relatively  small.  The  energy  gap  between 
this  orbital  and  the  now  doubly  occupied  Ti-alkyl  orbital  is  increased 
to  1.5eV,  again  alleviating  the  possibility  of  thermally  induced  occu¬ 
pancy  of  this  orbital. 

Having  characterized  the  Ti-carbon  interaction  in  the  starting 
complex,  we  now  examine  how  the  quantities  discussed  above  change  as 
the  nuclei  move.  Table  III  indicates  how  the  charge  distribution  and  Ti 
hybridization  in  the  pertinent  orbitals  change  as  the  alkyl  and  olefin 
molecules  are  moved  along  the  reaction  path.  The  approximate  atomic 
charges  on  the  Ti  and  carbon  species  in  the  various  positions  are  given 
in  Table  IV.  The  wavefunction  contour  maps  in  figures  5  and  6  display 
how  the  original  Ti-olefin  and  Ti-alkyl  bonding  orbitals  corresponding 
to  the  occupied  energy  levels  in  Fig.  3  evolve  along  the  reaction  paths. 
Fig.  4  locates  the  positions  of  the  atomic  species  in  the  molecular- 
orbital  contour  maps  (a)  for  the  intial  complex  in  Figs.  5  and  6. 


Though  all  the  orbitals  play  some  part  in  the  reaction  scheme,  it  is 
the  changes  in  the  Ti -alkyl  and  Ti -olefin  bonding  orbitals  that  are  the  most 
revealing.  Frames  (b)  through  (d)  of  Fig.  6  indicate  a  most  striking 
effect  as  the  alkyl  group  migrates  towards  the  C(2)  carbon  of  ethylene. 
Figure  6(b)  shows  a  weak  initially  antibonding  interaction  between  C ( 1 ) 

(the  alkyl  carbon)  and  C(2)  (only  1%  of  the  charge  is  located  in  this 
ethylene  carbon  at  this  step,  see  Table  III),  while,  in  Fig.  6(c)  and 
(d),  one  can  see  a  complete  rotation  of  the  C(2)  p^  orbital,  away  from 
the  initial  n  bond  with  the  other  ethylene  carbon  and  towards  a  over¬ 
lap  with  C(l).  A  driving  force  for  this  motion  may  be  the  greater  bond 
strength  of  p-p  a  bonds  over  p-p  ti  bonds.  Consequently,  whereas  Fig. 

6(b)  displays  the  ethylene  ti  orbitals,  by  frame  (d)  it  is  the  tt*  anti¬ 
bonding  orbital  that  is  localized  on  the  ethylene  site  (which  continues 
to  gain  charge  in  further  steps).  The  greater  participation  of  the  tt* 
orbital  in  this  coordination  sphere  effectively  weakens  the  ethylene  u 
bond. 

The  weakening  of  the  ethylene  it  bond  can  also  be  seen  in  Fig.  5(b)-(d). 
Here,  the  p^  orbital  on  the  C(2)  atom,  initially  strongly  involved  in 
the  C(2)-C(3)  tt  bond  [frame  (a)]  tips  away  from  the  C(3)  atom  and  towards 
the  C(l)  carbon.  This  motion  destabilizes  the  ethylene  tt  bond  and 
initiates  the  C(l)-C(2)  a  bond.  It  is  clear  in  frames  (e)-(f)  of  the 
same  figure  that  the  C(2)-C(3)  tt  bond  has  now  been  broken  and  that  the 
carbon  atoms  are  connected  through  a  chain  of  o  bonds.  While  the  charge 
has  clearly  localized  on  C(2)  and  C(3)  in  the  initial  frame,  it  is 
essentially  delocalized  among  all  three  carbon  centers  in  frame  (f) 

(see  Table  III).  Also  notable  in  Fig.  5  is  a  continuous  decrease  in 
the  degree  of  Ti -olefin  bonding.  Consequently,  the  Ti(d  ,,  2) -ethylene  (*) 


a  bond  in  Fig.  5(a)  gives  way  to  a  carbon-carbon  bonding  orbital  for 
the  molecule  in  Fig.  5(f). 

Concomitant  with  the  ethylene  n  bond  breaking,  a  weakening  of  the 

Ti-alkyl  bond  is  also  seen  in  frames  (b)-(d)  of  Fig.  6.  This  can  be 

noted,  for  example,  by  observing  that  the  highest  value  contour  lines 

defining  the  Ti  d  lobe  and  the  C(l)  p  lobe  no  longer  overlap  in  frames 

(c)  and  (d)  as  they  did  in  frames  (a)  and  (b).  It  should  also  be  noted 

in  Fig.  6  that  the  Ti  d  ^  orbital  which  had  previously  been  directed 

toward  the  alkyl  atom  in  frame  (a)  now  evolves  into  a  d  orbital. 

yz 

Frames  (b)  and  (c)  highlight  yet  another  important  interaction:  as  the 
Ti-C(l)  bond  strength  decreases,  the  overlap  between  a  lobe  of  the  metal 
dyZ  and  C(3)  increases,  as  does  the  charge  in  the  C(3)  center.  (This  is 
again  a  d-p  o-type  bond). 

Examination  of  these  molecular  orbitals  suggests  that  the 
activation  barrier  for  this  reaction  should  occur  along  the  steps  out¬ 
lined  in  frames  (b)  through  (d).  This  observation  is  in  qualitative 
agreement  with  total-energy  calculations  performed  by  Novaro,  et  al . , 
who  found  that  the  activation  barrier  for  the  reaction  path  in  Figure  2 
coincides  with  the  ethylene  u-bond  breaking  steps.  In  an  intermediate 
state  [Figure.  6(d)],  the  formation  of  a  tricenter  bond  between  the 
Ti  dyZ,C(l)  and  C(2)  indicates  the  charge  is  free  to  flow  in  the  region 
between  the  substituents.  Consequently,  there  is  no  further  barrier 
to  the  migration  of  the  alkyl  group  towards  the  olefin  [see  Fig.  5(e)-(f)]. 

The  experimentally  observed  low  activation  energy  (8-12  kcal/mole) 
for  this  process  (both  homogeneous^  and  heterogeneous1^)  may  be  explained 
in  this  model  by  the  following:  (l)  C-C  n  bonds  are  broken  in  favor  of 
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the  formation  of  the  stronger  C-C  a  bonds,  (2)  Ti-C(l)  bond  breaking  is 
accompanied  by  Ti-C(3)  bond  formation  and  (3)  there  are  no  additional 
barriers  to  the  proposed  migration. 

figure  6(f)  reflects  a  dramatic  rearrangement  in  the  electronic 
structure  of  the  complex  relative  to  that  shown  in  Fig.  6(a)  for  the 
initial  configuration.  At  this  point  in  the  reaction  path,  the  Ti-alkyl 

O 

distance  has  been  increased  to  2.61A  and  all  C-C  bond  lengths  are  practically 
equal  (see  Table  II).  The  bonding  between  Ti  and  C(3)  increases  in  going 
from  step  (a)  to  (f)  (see  Table  IV),  as  the  metal  tips  toward  U ( 3 )  for 
more  complete  overlap  in  the  formation  of  a  strong  sigma  bond.  This 
interaction  helps  secure  one  end  of  the  growing  polymer  chain  to  the  metal 
center.  The  Ti -C ( 3 )  bonding  orbital,  which  also  displays  strong  CU)  and 
C(2)  bonding  [see  Fig.  6(f)],  now  lies  well  below  the  HOMO  and  is  doubly 
occupied  [see  Fig.  3(f)].  This  then  constitutes  the  Ti-propyl  bonding 
orbital.  As  can  be  seen,  the  site  previously  occupied  by  the  alkyl  group 
is  now  vacant.  Examination  of  a  low-lying  unoccupied  Ti(d^2)  antibonding 

orbital  of  the  resulting  Ti-propyl  complex  (Fig.  7)  reveals  that  this  site  is 
capable  of  accepting  electrons  from  and  forming  a  o  bond  with  the  n  orbital 
of  an  incoming  ethylene  molecule  and  consequently  the  polymerization  reaction 
can  be  repeated.  It  would  appear  that  migration  of  the  propyl  chain  back 
to  the  initial  Ti-alkyl  bonding  site,  proposed  by  Cossee  as  the  last 
step  in  the  reaction  path,  does  not  seem  to  be  a  mandatory  step  for  continued 
chain  growth. 

It  is  possible  that  an  electrostatic  attraction  between  the  negatively 

charged  methyl  carbon,  C(l),  and  a  positively  charged  ethylene  carbon, 

3 

C(2),  may  either  initiate  or  drive  the  reaction  to  completion.  From 
Table  V  we  see  that  the  electrostatic  attraction  between  C(l)  and  C(2) 


would  potentially  be  largest  in  steps  (d)  to  (f).  Although  the  net 
positive  charge  is  greater  on  the  Ti  than  on  C(2),  at  step  (d)  C(l)  is 
closer  to  C ( 2 )  than  Ti  and  consequently,  this  electrostatic  attraction 
may  drive  the  reaction  to  completion. 

Summary 

Experimental  ambiguity  prevents  one  from  modeling  a  well  characterized 
active  site.  However,  the  present  model  does  provide  an  accurate 
description  of  how  the  Ti  orbitals  are  perturbed  in  the  presence  of  the 
alkyl  and  olefin  groups.  These  results  disagree  with  Cossee's  prediction1 
of  a  strong  interaction  between  the  Ti  3dyz  and  the  ethylene  u*  orbitals. 
Moreover,  the  large  energy  difference  between  the  Ti-alkyl  and  3dyz-iT* 

n  —  n  O 

orbitals  in  the  [CH-jTiC^C^H^)]  ’  complexes  makes  the  Cossee  mechanism 

for  polymerization  seem  extremely  unlikely.  Instead,  the  present  results 

are  in  excellent  qualitative  agreement  with  the  predictions  (based  on 

semiempirical  molecular  orbital  calculations  on  soluble  catalyst  systems) 

3  4 

made  by  Armstrong,  et^  aj_.  and  Novaro,  et  al .  Specifically,  both  invest¬ 
igators  find  tnat  the  li -methyl  bond  is  localized  in  the  HOMO,  where  the 
Ti  d  orbital  makes  a  large  contribution  to  the  bond.  Though  Armstrong 
and  Novaro  disagree  as  to  the  extent  of  3d^z -k*  interaction,  both  find 
that  this  orbital  constitutes  the  LUMO.  Both  authors  propose  that  there 
is  no  need  to  consider  initial  labilization  of  the  metal-carbon  bond  by 
thermal  excitation  but  rather  that  the  reaction  between  the  alkyl  and 
the  olefin  can  proceed  through  a  concerted  motion  of  these  moieties. 

Though  our  computational  procedures  do  not  allow  for  a  reliable  calculation 
of  the  total  energy,  which  thus  precludes  an  estimate  of  the  activation 
energy,  we  find  this  mechanism  to  be  symmetry  allowed  along  each  step 
of  the  hypothesized  reaction  path.  Moreover,  examination  of  the  SCF-Xu-SW 
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molecular-orbital  wavefunctions  suggest  that  while  C-C  n  bonds  are  being 
broken,  C-C  0  bonds  are  being  made  and  that  the  loss  in  Ti-C(l)  d-p  0 
bonding.  These  observations  lead  us  to  conclude  that  the  above  mechanism 
is  consistent  with  the  experimentally  observed  low  activation  energy  for 
Ziegler-Natta  catalysis. 
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Table  I 


Exchange  parameters,  a,  and  sphere  radii,  r,  (a. 
used  in  the  SCF-Xa-SW  calculations  of  CH^TiCn^^H^) . 


a 

r 

Outer  Sphere 

0.73/20 

7.43951 

Ti 

0.71695 

2.5543 

C 

0.75331 

1 .7827 

H 

0.77725 

1 .2500 

Cl 

0.72325 

2.7572 

(a)  These  values  were  taken  from  Ref.  II. 

(b)  This  value  was  increased  in  further  steps  to 
accommodate  the  increasing  distance  between  the 
Ti  and  migrating  alkyl  group. 


Table  II 


Structural  Parameters^ 


o  o  o 


Step 

T-i-crri(A> 

il-C^£?(Ai 

-2—3 -3^--) 

u  ^degrees) 

(degrees) 

a 

2.10lb) 

2.22*(a) * c) (d) 

,.34<d> 

0.0 

0.0 

b 

2.17 

2.22 

1 .35 

14.5 

8.9 

c 

2.32 

2.16 

1 .38 

25.1 

14.9 

d 

2.43 

2.13 

1  .47 

30.2 

24.9 

e 

2.56 

2.12 

1  .54 

34.8 

30.0 

f 

2.61 

2.12 

1.54 

36.4 

30.0 

(a)  The  Ti-Cl  distance  is  held  constant  at  2.45  A,  Kef.  11. 

(bj  Ret.  7. 

(c)  Ref.  11. 

(d)  H.  Allen,  Jr.  and  E.  K.  Plyler,  J.  Am.  Chem.  Soc.  80,  2673  (1958). 


Table  III 


The  titanium  and  carbon  charge  distribution  for  the  orbitals  in 


Figure  5, 

as  wel 1 

as  the  partial 

wave 

decomposition 

for  the  metal 

center 

Step 

Ti_ 

s^ 

2. 

d 

Pill 

C(2) 

0(3) 

a 

10 

7 

S3 

41 

1 

23 

20 

b 

11 

10 

44 

46 

11 

21 

15 

c 

5 

4 

67 

29 

9 

13 

9 

d 

3 

3 

75 

22 

7 

7 

6 

e 

5 

0 

46 

54 

9 

5 

6 

f 

4 

0 

44 

56 

10 

5 

6 

Table  IV 


Ihe  titanium  and  carbon  charge  distribution  for  the  orbitals  in 


Figure  6, 

as  well 

as  the  partial 

wave  decomposition 

for  the  metal 

center 

Step 

li 

S 

a 

d 

mi 

cm 

CL3J. 

a 

32 

6 

20 

75 

33 

0 

1 

b 

47 

1 

6 

93 

18 

1 

10 

c 

60 

0 

3 

97 

12 

0 

12 

d 

60 

0 

3 

97 

11 

1 

12 

e 

54 

0 

4 

96 

9 

4 

14 

f 

50 

0 

4 

96 

10 

5 

15 

*  i 


Table  V 


Atomic  charges  on  the  titanium  and  carbon  atoms  along  the 


reaction  path 

Ste£ 

xi 

c ill 

C(2) 

cm 

a 

+0.87 

+0.03 

+0.07 

+0.09 

b 

+0.38 

+0.04 

+0.12 

+0.09 

c 

+0.90 

+0.01 

+0.14 

+0.10 

d 

+0.91 

-0.04 

+0.24 

+0.13 

e 

+0.92 

-0.14 

+0.19 

+0.12 

f 

+1.02 

-0.19 

+0.14 

+0. 11 
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Figure  1 


Figure  2 


Figure  3 


Figure  4 


Figure  5 


Figure  6 


Figure  7 


FIGURE  CAPTIONS 


The  coordinate  system  and  geometry  of  the  initial  CH^TiCs’.^C^) 
complex,  as  well  as  the  parameters  which  are  varied  in  the 
calculations. 

A  schematic  diagram  for  the  reaction  path  proposed  by  Cossee. 

R  is  the  alkyl  group,  V  is  the  vacant  site  and  X  is  a  halid 
ion. 

The  SCF-Xa-SW  energy  level  diagram  for  the  relevant  orbitals 
along  the  reaction  path. 

Positions  of  the  atomic  species  in  the  initial  CH^T i Ci ^ ) 
complex. 

Contour  plots  for  the  evolution  of  the  Ti-olefin  molecular- 
orbital  wavefunction  stages  of  the  reaction  path  (the  lowest 
occupied  orbital  in  Fig.  3).  The  contour  values  are  +0.003, 
+0.009,  +0.027  and  +0.081.  See  Fig.  4  for  the  positions 
of  the  atoms  in  the  initial  complex  (a). 

Contour  plots  for  the  evolution  of  the  Ti-alkyl  molecular- 
orbital  wavefunction  stages  of  the  reaction  path  (the  HOMO 
in  Fig.  3).  The  contour  values  are  +0.003,  +0.009,  +0.027 
and  +).081.  See  Fig.  4  for  the  positions  of  the  atoms  in 
the  initial  complex  (a). 

Contour  plot  for  the  LUMO  wavefunction  of  the  product 
TiCt^C^Hy)  complex.  The  contour  values  are  +0.003,  +0.009, 
+0.027  and  +0.081. 


% 


